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Is Peripheral Arterial Pressure a Satisfactory Substitute for Ascending
Aortic Pressure When Measuring Aortic Valve Gradients?
EDWARD D. FOLLAND, MD, FACC, ALFRED F. PARISI, MD, FACC, CYNTHIA CARBONE, BS
West Roxbury and Boston, Massachusetts
Substitution of peripheral arterial pressure for ascend-
ing aortic pressure is a common but poorly validated
practice in the assessment of aortic valve gradients by
catheterization. The accuracy of this practice was as-
sessedby comparing the left ventricular-ascending aortic
mean gradient in 26 cases of aortic stenosis with the left
ventricular-femoral artery gradient, both with and with-
out compensation for temporal delay in femoral artery
pressure. Aligned left ventricular-femoral artery gra-
dients (matching upstrokes to compensate for peripheral
time delay) underestimated the left ventricular-ascend-
ing aortic gradient by 10 mm Hg (range 0 to -17).
Unaltered simultaneous left ventricular-femoral artery
gradients overestimated the left ventricular-ascending
aortic gradient by an average of 9 mm Hg (range + I
The transvalvular pressure gradient in patients with aortic
steno sis is ideaIly measured by simultaneous recording of
phasic pressure on both sides of the diseased valve. This
requires a retrograde arterial catheter in the ascending aorta
and a catheter placed in the left ventricle by means of trans-
septal catheterization or direct left ventricular puncture, or
retrograde passage of the aortic valve with a second arterial
catheter or a single double lumen catheter. Because many
cardiologists do not perform transseptal or left ventricular
puncture procedures, the retrograde technique is most com-
monly employed . To spare patient s the added discomfort
and risk of a second aortic catheterization , a peripheral
arteri al pressure reading is often substituted for determi -
nation of ascending aortic pressure: this is especiaIly com-
mon becau se the recent use of sidearm sheaths has made it
possible to record femoral or brachial artery pressure si-
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to +18). For both peripheral techniques, the error was
relatively constant throughout the range of aortic valve
gradients. The most accurate estimate of both aortic
valve gradient and area was obtained by averaging the
gradients and areas derived from aligned and unaltered
left ventricular-peripheral arterial simultaneous tracings.
Although only occasionally critical for clinical deci-
sion-making, these errors may be overwhelming in cer-
tain types of research applications, such as comparisons
of valve prosthesis gradients and serial evaluations of
aortic stenosis. An additional source of error is a coex-
istent peripheral arterial gradient that was present in
21% of otherwise technically suitable patients in the
screened study group.
multaneously with left ventricular pressure without a second
arterial puncture (l,2).
The validity of this approach assumes that the pressure
pulse in a peripheral artery resembles that in the ascending
aorta. In fact, this assumption is only approximately true.
Although the decrease in mean pressure is trivial, the timing ,
contour and peak systolic pressure of the phasic pressure
pulse are substantially altered by wave mechanics as the
pulse travels from the ascending aorta to a peripheral site
(Fig. I and 2). Although this has long been recognized (3,4),
current textbooks on cardiac catheterization (5- 9) do not
specify the extent to which mean aortic valve gradients so
measured might be altered by this effect. Furthermore, three
textbook s (6,8,9) recommend the widespread practice of
aligning the peripheral arterial pressure pulse with the left
ventricular pressure curve so that their upstrokes coincide .
We have been unable to locate references proving whether
this yields a more accurate estimation of the true aortic valve
gradient.
This study analyzes the accurac y of mean aortic valve
gradients obtained from peripheral pressure tracings as com-
pared with gradients obtained from simultaneous ascending
aortic tracings. Furthermore, it addresses the question of
whether temporal alignment of per ipheral arterial and left
ventricular pressure tracing s improves the accuracy of the
method.
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Figure 1. Case 2. Simultaneous recording of left
ventricular (LV). ascending aortic (Ao) and femoral
artery (FA) pressures. These pressures were mea-
sured using a transseptal 8 French Brockenbrough
catheter, 7 French pigtail catheter and the side arm
of an 8 French percutaneous femoral artery sheath.
respectively. Six patients were studied in this man-
ner. Despite the temporal delay and altered wave-
form of the phasic femoral artery pressure. the mean
femoral artery (FA) and mean ascending aortic pres-
sures (Ao) are identical (r ight panel),
Methods
Study patients. This study is based on analysis of cath-
eterization data of 26 patient s from a consecutive series of
73 studies demonstrating any degree of aortic stenosis with
or without associated aortic regurgitation. Fifty patients were
identified prospectively and 23 retrospectively. Criteria for
inclusion focused on the qual ity of catheterizat ion data.
Ascend ing aortic and femoral artery pressures must have
been simultaneously recorded at a paper speed of 100 mm/s
and a gain setting of 20 mm Hg/cm . In addition , left ven-
tricular pressure must have been recorded using the same
technique, either simultaneously with ascending aortic and
femoral artery pressure or sequentially with those pressures,
provided that there was no change in heart rate between the
I
0.2Stc
-
two sequential recordin gs. Patients were excluded if there
was an impreci se balance between ascending aortic and
femoral artery pressure channel s (see following ) or if there
was evidence of an abnormally high peripheral gradient as
indicated by the absence of typical augmentation of systolic
peripheral pressure . In Kroeker and Wood 's series (3) of
healthy subjects, peak systolic pressure in the femoral artery
always exceeded the peak central aortic pressure . On this
basis , we excluded all patients whose peak femoral pressure
was not at least equal to the ascending aortic pressure in
order to avoid compounding error s of valve gradient
estimation.
Forty patients were excluded fo r technical reasons (no
simultaneous aortic-peripheral arterial recording in 23 pa-
mmHg
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o
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Figure 2. Case 4. Sequential recordin g of left ven-
tricular (LV) pressure and simultaneous asce nding
aortic (Ao) (left panel) and femoral artery (FA)
pressures (middle panel). Left ventricular and as-
cending aortic pressures were measured from the
same 7 French pigtail catheter before and after.
respect ively. pullback across the aortic valve . Fem-
oral artery pressure was recorded simultaneously
using the side arm of an 8 French sheath. Twenty
patients~re studied in this manne r. Mean femora l
artery (FA) and mean ascending aortic (Ao) pres-
sures are identical (r ight panel).
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Figure 3. Case 4. The three gradients ana-
lyzed in this study, A, LV-aortic is the' 'true"
aortic valve gradient measured either by si-
multaneous left ventricular and ascending
aortic recordings (Fig, I) or by sequential
left ventricular and ascending aortic record-
ings (Fig, 2) superimposed by lining up the
electrocardiographic R waves, B, Unaltered
LV-arterial is the left ventricular-femoral ar-
tery gradient obtained from simultaneous or
sequential tracings synchronized on the R
wave, C, Aligned LV-arterial is the left ven-
tricular-femoral artery gradient obtained by
temporally advancing the femoral artery trac-
ing so that its upstroke matches that of the
left ventricle, Although displayed here sep-
arately, ascending aortic and femoral artery
pressures were always measured simulta-
neously. To demonstrate methods of align-
ment, these pressures, along with their si-
multaneous electrocardiograms, are illustrated
by the dashed lines.
tients, simultaneous aortic-peripheral arterial recording not in 7 patients). Of the remaining 33 technically suitable stud-
at a paper speed of 100 mm/s in 7 patients, left ventricle ies, 7 were excluded because of evidence of abnormal per-
not entered in 3 patients and imprecise transducer balance ipheral arterial gradients.
Table 1. Gradients and Valve Areas in 26 Patients With Aortic Stenosis
Gradient Valve Area
B C D F G H
A Unaltered Aligned Average E Unaltered Aligned Average
Case Technique LV-Ao LV-Art LV-Art Band C LV-Ao LV-Art LV-Art F and G
I Retro 84 93 69 81 0.40 0.39 0.43 0.41
2 TS 58 65 44 55 0.84 0.85 0.95 0.90
3 Retro 56 62 41 52 0.85 0.81 0.95 0.88
4 Retro 31 37 22 30 1.07 1.01 1.24 1.13
5 Retro 47 65 39 52 1.07 0.98 1.14 1.06
6 Retro 33 48 25 37 0.91 0.95 1.02 0.99
7 Retro 28 33 13 23 I.IS 1.22 1.45 1.34
8 Retro 55 60 43 52 0.79 0.78 0.88 0.83
9 Retro 21 29 17 23 1.27 1.13 1.36 1.25
10 TS 38 47 31 39 0.86 0.79 0.92 0.75
11 TS 23 30 14 22 1.55 1.36 1.75 1.56
12 TS 77 86 74 80 0.54 0.53 0.55 0.54
13 TS 49 50 36 43 0.22 0.22 0.25 0.24
14 Retro 44 54 32 43 1.08 1.07 1.24 1.16
15 Retro 24 34 18 26 1.91 1.90 2,16 2.03
16 Retro 20 33 16 25 2.13 1.89 2.49 2.19
17 Retro 32 42 29 36 1.22 1.08 1.25 1.17
18 Retro 23 30 18 24 1.27 1.24 1.41 1.33
19 Retro 69 74 54 64 0.78 0.76 0.82 0.79
20 Retro 55 68 43 56 1.16 1.23 1.33 1.28
21 Retro 56 65 39 53 0.65 0.62 0.72 0.66
22 Retro 43 51 33 41 1.00 1.00 1.10 1.06
23 TS 59 62 49 56 0.68 0.68 0.71 0.70
24 Retro 64 79 58 69 0.57 0.59 0.63 0.61
25 Retro 17 31 9 20 1.17 1.03 1.60 1.32
26 Retro 55 71 55 63 0.62 0.60 0.61 0.60
Mean 44.7 53.8 35.4 44.8 0.99 0.95 1.11 1.03
Peripheral artery is femoral in all cases. All ascending aortic (Ao) pressures and peripheral arterial (Art) pressures are simultaneous. LV left
ventricular: Retro = retrograde sequential left ventricular pressure; TS = transseptal simultaneous left ventricular pressure.
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Figure 5. Comparison of mean gradients from left ventricular
(LV)-ascending aortic and aligned left ventricular-femoral artery
pressures in 26 patients. Aligned left ventricular-arterial gradients
underestimate the true mean left ventricular-aortic gradient by 10
mm Hg (range 0 to -17).
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simultaneous or QRS-synchronized tracings (Fig. 3B) and
"aligned" left ventricular-femoral artery gradient from trac-
ings in which the peripheral arterial pressure was advanced
in time so that its upstroke corresponded with that of the
left ventricular tracing (Fig. 3C). Finally, aortic valve areas
were calculated from each of the three tracings by substi-
tuting the appropriate gradients, systolic ejection periods,
LV-AORTIC GRADIENT (mrn Hg)
Figure 4. Comparison of mean gradients from left ventricular
(LVl-ascending aortic and unaltered left ventricular-femoral artery
pressures in 26 patients. Unaltered left ventricular-arterial gra-
dients overestimate the true mean left ventricular-aortic gradient
by 9 mm Hg (range + I to + 18).
Catheterization technique. In six patients, all three
pressures were recorded simultaneously (Fig. I): the left
ventricle using an 8 French Teflon Brockenbrough trans-
septal catheter, the ascending aorta using a 7 French poly-
urethane pigtail catheter and the femoral artery using the
side arm of the 8 French sheath (Cordis, Inc.) through which
the pigtail was passed. In the remaining 20 patients, left
ventricular pressure was recorded using a 7 French pigtail
catheter, either immediately after or before the recording of
simultaneous ascending aortic pressure via the same pigtail
catheter and femoral artery pressure via the side arm of an
8 French sheath through which the pigtail catheter was passed.
For gradient analysis, the simultaneous ascending aortic and
femoral artery tracings were superimposed on left ventric-
ular pressure recordings by lining up respective QRS com-
plexes (Fig. 3).
All pressures were measured using fluid-filled systems
and Statham P23-ID pressure transducers that were balanced
against a mercury standard weekly. All air bubbles were
carefully purged from the system to produce optimal fre-
quency response and damping characteristics. Pressure sig-
nals were amplified and recorded by an Electronics for Med-
icine model VR 12 physiologic recorder. The mean natural
frequency of damped spontaneous oscillations in the left
ventricular tracings of 23 patients in whom this measurement
was possible was 34 hertz (range 14 to 50). The frequency
response of the sheath was more difficult to estimate because
of the absence of spontaneous oscillations. However, in two
patients tested specifically for this, the mean natural fre-
quency of damped oscillations from the sheath was 20 hertz.
More important, the pressure tracings from the pigtail cath-
eter were virtually superimposed on those of the sheath when
the pigtail tip was pulled back to the level of the femoral
artery.
If simultaneously displayed electronic mean pressures
from the ascending aorta and femoral artery were not iden-
tical (superimposed tracings on monitor screen, Fig. I and
2), the two channels were electronically recalibrated. If a
discrepancy still existed, the transducers were reversed. If
reversing transducers also reversed the pressure difference
or if femoral artery mean pressure was greater than as-
cending aortic mean pressure, balance was considered inex-
act and the patient was excluded. If the direction and mag-
nitude of the gradient remained the same after reversing
transducers, balance was considered exact and the difference
was attributed to a true ascending aortic-femoral artery
gradient.
Data analysis. Mean gradients were measured by hand
planimetry technique (7). Oscillating catheter artifacts were
tracked by the planimeter as a means of geometric smooth-
ing. The following measurements were made for each pa-
tient: "true" left ventricular-ascending aortic mean gradient
from simultaneous or QRS-syncllfonized tracings (Fig. 3A),
"unaltered" left ventricular-femoral artery gradient from
JACC Vol ~. No.6
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heart rates and cardiac outputs into the Gorlin aortic valve
area formula (10). Fick or green dye output determinations
were used in patients with isolated aortic stenosis and an-
giographic cardiac output determinations (II) were used
when there was coexistant aortic regurgitation.
LV-AORTIC GRADIENT (mmHg)
Figure 6. Comparison of mean gradients from left ventricular
(l.Vj-ascending aortic and averagedunalteredand aligned left ven-
tricular-femoral artery pressures in 26 patients. This method pro-
vides the most accurate estimation of true aortic valve gradient
using the femoral artery pressure. The mean error is +0.1 mm
Hg (range +8 to - 6).
Figure 7. Comparison of aortic valve areas calculated from left
ventricular (LV)-ascending aortic gradients with areas calculated
from unaltered left ventricular-femoral arterygradients (left panel),
areas calculated from aligned left ventricular-femoral artery gra-
dients (middle panel) and the average of unaltered and aligned
areas (right panel). The average of unaltered and aligned areas
approximates the true area most closely. Although the aligned
method is probably most widely practiced, it is least accurate in
predictingthe true valve area. Regardlessof whichmethodis used,
most of the error occurs in valve areas greater than 1.0 ern".
gradients are plotted against corresponding true gradients in
Figure 5. In every patient, the gradient derived from un-
altered left ventricular-femoral artery tracings overestimated
the true left ventricular-ascending aorta gradient. The mean
overestimation was 9 mm Hg (range + I to + 18). In every
patient but one, the gradient derived from aligned left ven-
tricular-femoral artery tracings underestimated the true left
ventricular-ascending aortic gradient. The mean underes-
stimation was 10 mm Hg (range 0 to - 17). The degree of
error for both peripheral techniques was relatively constant
throughout the range of absolute gradients (Fig. 4 and 5).
Although the average true gradient (44.7 mm Hg) in all
patients was closely approximated by averaging all unaltered
and aligned gradients (44.8 mm Hg), the average of unal-
tered and aligned gradients in anyone patient did not always
agree exactly with the true gradient (Fig. 6). The variation
ranged from + 8 to - 6 mm Hg.
Aortic valve areas (Fig. 7). As expected, calculated
aortic valve area was underestimated using unaltered gra-
dients and overestimated using aligned gradients. The de-
gree of area error is relatively less than gradient: error be-
cause the gradient error is reduced by a square root factor
in the Gorlin formula. Surprisingly, the "true" aortic valve
area was more closely approximated using the unaltered
peripheral gradients (0.04 em? underestimation) than the
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Mean aortic valve gradients. Gradients and associated
valve areas calculated by the three different methods are
displayed in Table I. Unaltered left ventricular-femoral ar-
tery gradients are plotted against corresponding true gra-
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aligned gradients (0 .12 crrr' overestimation) . The average
of unaltered and aligned areas (0.04 ern? overestimation)
predicted the true area better than the aligned technique, but
did not improve the accuracy obtained by use of the unal-
tered technique alone.
Peripheral arterial gradients. The high prevalance of
peripheral atherosclerosis in male veterans is demonstrated
by the fact that 7 (21%) of 33 patients who were otherwise
technically suitable for this study were excluded on the basis
of peripheral obstruction as indicated by a peak femoral
artery pressure less than peak ascending aortic pressure .
Among excluded patients, the average mean ascending aorta
to femoral artery gradient was 6.8 mm Hg (range 3.4 to
14). The mean aortic-femoral artery gradient among the 26
patients included in this study was 0.9 mm Hg.
Discussion
Left ventricular-ascending aorta versus left ventric-
ular-femoral artery gradient. This study demonstrates the
systematic error of estimating mean left ventricular-ascend-
ing aortic pressure gradients from recordings of simulta-
neous left ventricular-femoral artery pressures. A similar
degree of error in opposite directions occurs when these
pressures are analyzed with or without compensation for
temporal delay by alignment. The most accurate estimate
of true left ventricular-ascending aortic gradient and its cal-
culated valve area is obtained by averaging the gradients
and areas obtained from unaltered and aligned simultaneous
left ventricular-femoral artery pressure tracings.
The effect of this error on calculated valve area is rela-
tively small whether the gradients are measured from un-
altered or aligned pressure recordings . This error is espe-
cially small in the range of surgically significant aortic stenosis
(valve area <0.8 crrr'). Interestingly, the least accurate
method for estimating valve area (from aligned tracings) is
also probably the most widely practiced.
Although we analyzed only data from patients in whom
peripheral pressure was recorded from the femoral artery,
there is ample evidence that the same kind of error influences
tracings from the brachial artery . One patient excluded from
our series because of a large femoral artery gradient was
studied from the brachial route. The unaltered tracings over-
estimated and the aligned tracings underestimated the true
aortic valve gradient. The work of Kroeker and Wood (3)
suggests that the degree of error from the brachial site might
be less than that from the femoral site because the degree
of pulse distortion is less in the brachial artery . Pulse dis-
tortion (upstroke delay, systolic amplification and ejection
time prolongation) increases in proportion to the distance
from the ascending aorta (3,4).
Practical implications. In most instances, these errors
are not large enough to affect clinical decision-making; how-
ever, they are potentially critical in research studies that
require a high degree of accuracy . An important example
is the postoperative evaluation of prosthetic aortic valves in
which the degree of potential error in some patients might
actually exceed the true gradient of the prosthesis . Other
examples include serial studies assessing the progression of
aortic stenosis and validation studies of noninvasive tech-
niques in which cardiac catheterization is the reference stan-
dard. Our findings emphasize the importance of using si-
multaneous left ventricular-ascending aortic pressures
whenever a high degree of accuracy is required. If the pe-
ripheral technique is employed, the calculated mean gradient
should be an average of the unaltered and aligned left ven-
tricular peripheral arterial gradients. Likewise, the aortic
valve area should be an average of the areas calculated from
unaltered and aligned tracings.
In addition, simultaneous ascending aortic and peripheral
arterial pressures must always be recorded in such studies
to avoid additional error from an abnormal peripheral arterial
gradient, which was present in 21% of the technically suit-
able patients screened for this study . When such gradients
are encountered (that is, when peak aortic pressure exceeds
peak peripheral pressure), we recommend that pressure be
recorded from another peripheral arterial site, from an as-
cending aortic catheter or after pullback across the aortic
valve.
We acknowledge the assistance of David W. Bromley. Donna Kantarges
and Clare Smith in typing this manuscript.
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